Recruitment of individuals into the plankton: The importance of bioturbation'
Abstract-The eggs of many planktonic copepods sink to the bottom in coastal waters and become buried beneath several centimeters of sediment where they cannot hatch. Bioturbation by three polychaetes, Nephtys incisa, Cistenides gouldii, and Clymenella torquata, promoted the burial of diapause eggs of the planktonic copepod Labidocera aestiva in a laboratory study. More important feeding by the two conveyor-belt-feeding species, C. gouldii and C. torquata, promoted the return of buried eggs to the water and watersediment interface. The viability of the eggs was unaffected by the translocation process and in these new positions eggs were able to hatch. We suggest that in the field bioturbation directly influences the recruitment of individuals into planktonic populations.
Resting eggs and cysts of many planktonic organisms are found in the bottom sediments of coastal regions (e.g. copepods, cladocerans, tintinnids, diatoms, and dinoflagellates) (Dale 1976; Paranjape 1980; Onbe 1978; Grice and Marcus 198 1) . It has been suggested that the seasonal reappearance of some planktonic copepod species and the sudden appearance of dinoflagellate blooms are due to the hatching or germination of such benthic phases (Dale and Yentsch 1978; Tyler et al. 1982; Kasahara and Uye 1979) . Although the number of eggs or cysts can be very high in the uppermost centimeter of sediments, often the greatest densities occur several centimeters below the water-sediment interface Marcus 1984) . Because eggs of copepods do not hatch while buried underneath sediment (Kasahara et al. 1975; Uye et al. 1979 ) buried eggs can be considered part of the pool of potential recruits to the plankton only if a mechanism exists whereby they can be returned to the water or water-sediment interface.
The potential influence of bioturbation, l Contribution 5774 from Woods Hole Oceanographic Institution. Research supported by NSF grants OCE 80-24440 and OCE 83-14882. storms, and current flow on the distribution of eggs on the sea bottom and their hatching was discussed by Marcus (1984) . The goal of this study was to determine experimentally whether bioturbation can affect planktonic communities directly, by influencing the hatching or germination of benthic phases, and not just indirectly through nutrient regeneration (see Aller 1982) . We thank C. Fuller for assistance with the field collections, M. Wilkens for help in developing the experimental system, and C. A. Butman for advice on the manuscript.
The three polychaete species studied, Nephtys incisa, Cistenides (Pectinaria) gouldii, and Clymenella torquata, occur in subtidal areas of the Woods Hole region.
Nephtys incisa is very common in muddy sediment regions of Buzzards Bay. Although Sanders (1960) considered it a subsurface deposit feeder, most other nephtyids are classified as vagile carnivores (Fauchald and Jumars 1979) . All members of the genus are free-living burrowers. Cistenides gouldii is a burrowing, tubicolous worm. It is a selective deposit feeder (Whitlatch 1974; Gordon 1966) . Individuals feed below the surface by orienting themselves head down in the sediments. As voids are formed, the surrounding sediment collapses inward, bringing more food to the worms. Fecal pellets are ejected at the water-sediment interface along with pseudofeces (disturbed material that is not ingested). Gordon (1966) calculated that individuals can process 6 g sediment day-'. Clymenella torquata also feeds at subsurface depths, sometimes as deep as 20 cm (Mangum 1964; Rhoads 1974; Rhoads and Boyer 1982) . As with C. gouldii, feeding results in the creation and subsequent fillings of voids (see Fauchald and Jumars 1979) .
We investigated the influence of worm activity (i.e. bioturbation) on the vertical distribution and viability in sediments of diapause eggs of the marine Calanoid copepod, Labidocera aestiva, which have been found as deep as 5 cm in the bottom sediments of the Woods Hole region (Marcus 1984) . The experimental system consisted of plastic cylinders (6-cm diam x 14 cm tall), capped at the bottom with a layer of Saran Wrap secured with a rubber band. A water-sediment mixture was added to each cylinder and allowed to settle (usually overnight); if necessary, more of the mixture was added to achieve a final sediment depth of 6 cm. Sediments came from a depth of 15 m in Buzzards Bay for the experiments with N. incisa and from a shallow subtidal region of Waquoit Bay for those with C. gouldii and C. torquata; the latter was more sandy than the former. All sediment was initially sieved through a 500-pm screen to remove large macrofauna. For the experiments with N. incisa the sediment was also sieved through a 70-pm screen. All sieved sediment was kept in a tank of flowing seawater until needed. The wall of each cylinder was perforated with four 1 -cm-diameter holes spaced 2 cm from the top edge to permit greater water exchange. Each core was suspended on a wooden dowel in a basin into which flowed a slow, but continuous, stream of seawater. Air was gently bubbled into the basin to provide additional agitation.
The diapause eggs (diam, 110 pm) were obtained from L. aestiva females collected from Vineyard Sound or from cultures and stored at 5°C until needed. Such eggs remain viable for at least a year. After a minimum period of 2-4 weeks at 5°C diapause eggs will hatch within 2 days if warmed to 20°C. Although our primary concern was the impact of bioturbation on diapause eggs, we had to use plastic green beads (Ionics, Watertown) in some experiments to conserve our supply of eggs. The beads were comparable in size (80-12 5 pm) to the eggs of L. aestiva and other copepods. The density of the beads (1.23 g cm-3 was greater than that of the eggs of L. aestiva (1.15 g cm-3: Marcus unpubl.).
We assessed the effect of C. gouldii activity on the upward translocation of beads and eggs and the hatching of eggs, the effect of C. torquata activity on the upward translocation of eggs and beads, and the effect of N. incisa activity on the upward and downward transport of beads. In the experiments with C. gouldii and C. torquata, eggs were buried in the sediment at a depth of 3 cm, and beads at 3-4 cm. In the experiments with N. incisa the beads were placed either at a depth of 3-5 cm, or at the water-sediment interface. Test cores contained three C. gouldii, five C. torquata, or one N. incisa; control cores had no worms. Individuals of C. gouldii and C. torquata were from 2.5 to 3.5 cm long and N. incisa from 3 to 5 cm.
In one experiment with C. gouldii, diapause eggs were chilled at 5°C for > 4 weeks. We expected no hatching as long as the eggs remained buried, but that it might occur if the eggs were transported to the sediment surface or to the water. A subsample of 50 eggs incubated in a jar of seawater at 20°C gave a high hatch (92%) within 3-5 days.
To prevent the escape of nauplii that might hatch from eggs in the cores, we covered all of the portholes in the plastic cylinders with 70-pm Nitex mesh; this did not inhibit the free flow of seawater or the agitation. Each day the water from the test core and the control core was carefully removed with a Pasteur pipette, filtered through a 70-pm Nitex screen, the filtrate examined for nauplii, and the cores were refilled with seawater with minimum disturbance of the upper layer of sediment. After 1 month the cores were sectioned at l-cm intervals, the material in each core layer sonicated and filtered, and then examined with a dissecting microscope to determine the number of eggs present (Marcus 1984) . (This same processing procedure was followed in the other experiments described below.) The eggs were then transferred to containers with seawater, incubated at 2O"C, and the number of eggs hatched determined after 4-5 days.
Another experiment was conducted with C. gouldii and C. torquata and diapause eggs that had been chilled at 5°C for only 1 week. We expected these eggs not to hatch at the 20°C temperature of the bioturbation experiment, and a small sample of the eggs kept in jars of seawater at 20°C for the duration of the experiment did not in fact hatch. There was one test core with C.
gouldii, one with C. torquata, and one control core. Since the eggs were not expected to hatch, the portholes in the cylinders were not covered with Nitex mesh. Surface ma- terial was pipetted from cores each day and the number of eggs present was determined.
The contents of the basins in which the cores were placed were also filtered and processed. After 2 weeks the cores were divided at l-cm intervals and each was examined for the presence of eggs. Eggs recovered during all phases of this experiment were chilled at 5°C for additional weeks, warmed at 2O"C, and their hatch determined.
In the experimental sets with C. gouldii and C. torquata in which beads were buried, the surficial material in each core was pipetted off periodically for 2-3 weeks. After processing, the number of beads in the sample was determined. In the experimental sets with N. incisa in which the beads were either buried or placed at the water-sediment interface, the distribution of beads in test and control cores was monitored weekly for 6 weeks. For each determination cores were sectioned at 1 -cm intervals and the material in each layer was processed.
The activity of C. gouldii promoted the upward translocation and hatching of eggs. In the test core containing diapause eggs that were ready to hatch, 93 nauplii were recovered from the water, none from the control core. After 1 month, 5 12 eggs were found distributed throughout the sediments of the test core, with 26% in the top centimeter. Upon incubation at 2O"C, the hatch of these eggs was 85%, indicating that for this system coverage by 1 cm of sediment or less inhibited hatching. In the control core, 628 eggs were found at their original depths, and of these 83% hatched after incubation. The total numbers of nauplii and eggs accounted for in the core with C. gouldii and in the control were 605 and 628, comparable to the numbers initially added.
The activity not only of C. gouldii, but also of C. torquata, promoted the upward translocation of diapause eggs not ready to hatch. In the test core with C. gouldii, 34 eggs were found in the surficial material and 81 eggs in the basin after 3 days; after 2 weeks, 125 eggs had been found in the surficial layer and 186 in the basin. After sectioning, 193 eggs were found distributed throughout the core (Table 1) . For the test core with C. torquata, 58 eggs had been found in the surficial material and 19 in the basin after 2 weeks. Analysis of the core layers revealed that > 50% of the eggs were below their original placement depth. This finding probably reflects the sinking of sediments and eggs into voids created during feeding. Ninety-eight (2 1%) eggs were incorporated into the tubes of C. torquata. No eggs were found in the surficial material or basin for the control core, and at the end of the 2 weeks, all eggs were at their original placement depth. After chilling and incubation the hatches of eggs from the cores with C. gouldii, C. torquata, and the control were 8 2, 80, and 86%. Fewer eggs were recovered from the cores with worms than added originally (504 for C. gouldii, 470 for C. torquata vs. the estimated 600-800 added). The 600 eggs recovered from the control were within the range originally added.
In the two experiments with diapause eggs, we observed worms ejecting subsurface material into the water. We suggest that the apparent loss of eggs from the test cores containing the diapause eggs not ready to hatch was due to transport of the eggs out of the cores and basin in the outflowing water following their ejection into the water. In the experimental set with diapause eggs that were ready to hatch, we believe that the Nitex mesh covering the portholes not only prevented the escape of nauplii as we had planned, but apparently of eggs as well.
Cistenides gouldii and C. torquata were also effective in promoting the upward translocation of beads, which appeared in surficial material within 1 week. On the other hand, there was no obvious upward redistribution in the test cores with N. incisa even after 6 weeks. The most noticeable effect of N. incisa was observed after 6 weeks in the cores with beads placed initially at the surface (Fig. 1) . In six of eight test cores, beads were found throughout the sediments, some as deep as 5 cm. Control cores were relatively unchanged.
Our results provide the first experimental evidence that bioturbation can play an important role in the recruitment process of planktonic species. Although eggs or cysts that fall to the sea bottom may become buried in sediments due to biological activity, such buried individuals are not necessarily lost from the system since bioturbation can also promote their return to the sediment surface and water column where hatching can occur. The distribution of eggs in the sediments at any given time should reflect the activities of the benthic species present. A general mixing of sediments and the eggs contained therein should be promoted by the burrowing movements of species like N. incisa, and the creation and filling of voids due to feeding by species such as C. gouldii and C. torquata. More important, the activity of these latter conveyor-belt species provides a mechanism by which eggs that are buried several centimeters below the surface can be rapidly returned to the watersediment interface. Although the act of depositing material at the surface causes the simultaneous burial of other material, the process is continuous so that eggs may have numerous opportunities to hatch as they repeatedly cycle past the water-sediment interface. The results of Marcus (1984) and the present study clearly show that eggs can survive both ingestion and disturbance due to bioturbation. Thus species which feed at subsurface depths, but deposit their fecal pellets or pseudofeces at the water-sediment interface, may play key roles in the recruitment of planktonic species.
In regions where the influence of physical forces is minimized, as in the deep sea or where sediment is very cohesive (Rhoads 1974; Aller 1980) , bioturbation should be a sufficient stimulus for hatching. In areas subject to physical disturbance, bioturbation may still be important in the recruitment of planktonic organisms. Any major burst of hatching in temperate coastal re- gions during spring probably reflects an interaction of physical and biological processes. Increasing water temperatures at this time lead not only to the renewed embryonic development of overwintering eggs, but also to increased levels of bioturbation and thus to the return of buried eggs to the watersediment interface or water column directly in fecal pellets or as pseudofeces. In addition, bioturbation should promote recruitment indirectly by making the sea bottom more susceptible to physical resuspension events (Rhoads and Young 1970; Rhoads and Boyer 1982 ). When such a major burst of hatching does occur in spring, it is unlikely that the entire benthic pool of eggs or cysts will be exhausted. Because benthic animals tend to be distributed in patches on the sea bottom, eggs may remain in areas that are not disturbed; as such areas become colonized by appropriate species, then secondary hatching or germination may occur.
Notes
The importance of such secondary events to long term population growth has been examined mathematically (Cohen 1966 ) for an analogous situation (temporal patterns of seed germination in the terrestrial system). Applying this model to copepods and eggs hatching from the sediment, we would expect that when the probability of successful reproduction by individuals that hatch early is high, the importance of long term egg viability and subsequent hatching events will be small.
